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Abstract 
The seismic soil-concrete interface stability of composite dams has been an area of interest to 
many researchers. However, the true interface behavior during a seismic event has not been well 
understood. During a ground shaking, bonding and de-bonding action along the interface may 
cause significant separation of soil and concrete surfaces, and such a separation may take place 
at any depth along the interface creating a stability concern for the overall dam. Moreover, the 
repetitive nature of bonding/debonding behavior may induce excess pore pressure along the 
interface, which in turn, may trigger a liquefaction failure or a hydraulic fracture in the soil. This 
study evaluates the potential for separation and excess pore pressure generation at the soil-
concrete interface of Folsom Dam - located north-east of Sacramento, CA -using 2D Finite 
Element analysis software, GeoStudio-Quake/W. The separation and excess pore pressure 
distributions along the interface are investigated using nonlinear soil models with pore pressure 
generation capability and Koyna Dam and El-Centro earthquake ground motions.  
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1. INTRODUCTION 
 
1.1 PROBLEM STATEMENT: 
 
The seismic soil-concrete interface stability of composite dams has been an area of interest to 
many researchers. However, the true interface behavior during a seismic event has not been well 
understood. During a ground shaking, bonding and de-bonding action along the interface may 
cause significant separation of soil and concrete surfaces, and such a separation may take place 
at any depth along the interface creating a stability concern for the overall dam. 
1.2 SIGNIFICANCE OF RESEARCH: 
 
The repetitive nature of bonding/debonding behavior may induce excess pore pressure along the 
interface, which in turn, may trigger a liquefaction failure or a hydraulic fracture in the soil. This 
study evaluates the potential for separation and excess pore pressure generation at the soil-
concrete interface of Folsom Dam - located north-east of Sacramento, CA -using 2D Finite 
Element analysis software, GeoStudio-Quake/W. 
1.3 RESEARCH OBJECTIVES: 
 
The objectives of this study are three-fold: 
1. Conduct repeatability analysis: Compare Quake/W analyses to the previous FLUSH 
and NIKE2D to confirm separation potential without pore pressures. 
1- Investigate interface stresses: Determine maximum and minimum horizontal stresses 
from the stress histories at the nodes along the interface. The negative minimum stress 
(tension) is considered as an indication of separation. 
2- Investigate pore water pressure generation potential along the interface using linear 
and non-linear pore pressure models. 
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Figure 1. Composite dam concept. 
 
2. LITTERATURE REVIEW ON INTERFACE BEHAVIOR OF COMPOSITE 
DAM: 
The interface behavior of composite dams was first studied by Chang and Oncul. Chang 
conducted analyses using the code FLUSH with nonlinear shear modulus and damping ratio 
versus shear strain. Oncul performed finite element analyses using computer code NIKE2D with 
Ramberg-Osgood (R-O) non-linear material model. The NIKE2D has the interface algorithm that 
allows debonding, re-bonding and frictional sliding. Analysis results are compared to assess the 
effectiveness of these two computer codes in evaluating the phenomenon of interface separation. 
The Left-Wing Dam of the Folsom Dam, 180 ft high, is chosen in the analyses. Koyna Dam 
Earthquake Record with amax = 0:87g was used in both NIKE2D and FLUSH analyses. However, 
no pore pressure generation along the soil-concrete interface was addressed. 
The risk exists that hydraulic fracture may occur due to excess pore pressure in soil. Hydraulic 
fracture combined with repetitive separation along the soil concrete interface during an 
earthquake shaking may have more serious consequences on the overall stability of a composite 
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dam. Jaworski et.al. showed in experimental studies that initial hydraulic fracturing requires, in 
general, hydraulic pressure in the range of 1.5 to 1.8 times larger than the minor total principal 
stress. However, they also show that existing crack would require hydraulic pressure equal to 
minor total principal stress. Sherard states that very steep rock abutments and near vertical 
concrete structures produce zones susceptible to cracking and leakage, because heavy 
compaction equipment cannot operate close to concrete structures due to limited space, and 
compaction is done with hand operated small machines. Therefore, an investigation of excess 
pore pressure generation along the soil concrete interface is needed to have a better 
understanding of the interface behavior during a seismic event.   
3. GEOSTUDIO QUAKE W SOFTWARE OVERVIEW:  
QUAKE/W is a geotechnical finite element software product used for the dynamic analysis of 
earth structures. The integration of QUAKE/W and other products within GeoStudio allows it to 
be used to analyze complex problems.  
Quake W associates the pore-pressure generation model with the Equivalent Linear soil model 
which is based on the concept of Cyclic Stress Ratios (CSR) defined below:  
 
where qd is the cyclic deviatoric stress defined as: 
 
 σv (static) is the initial static effective vertical stress. The shear stress ratio becomes     
σd / 2σ3(static) under triaxial laboratory test conditions and σd is the total amplitude of the applied 
cyclic axial stress.” [Ref.3]. 
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Per QUAKE W manual following cyclic laboratory tests were used to generate (4) sample 
functions for the program: Seed and Lee (1965) published the results of cyclic testing on 
Sacramento River Sand. A summary of their results as presented by Kramer (1996) is shown in 
Figure below. The sample functions are named, Loose Sand, Medium Loose Sand, Medium 
Dense Sand and Dense Sand.  
“As with all soil property sample functions in QUAKE/W, the Cyclic Number functions are provided 
simply as a guide to educating the user as to what is required and for preliminary experimental 
numerical analyses. These sample functions should not be relied upon for actual project 
assessments.” [Ref.3]. 
Pore pressure model based on equivalent number of cycles:  
QUAKE/W uses the below equation to estimate a pore pressure function which is dependent on 
soil properties and test conditions. Where: 
N is the equivalent number of uniform cycles of earthquake and NL the number of cycles, that 
cause liquefaction of soil under stress conditions. 
 
QUAKE/W computes the pore-pressure from the below equation: 
 
“It is important to note that it is the effective static confining stress that is used in the pore-pressure 
calculations. The implication of this is that when ru is 1.0, the effective minor principal stress σ΄3 
is equal to zero, the state at which it is deemed that the soil has liquefied.” [Ref.3]. 
 
QUAKE/W accounts the initial in-situ static shear stresses condition and the effect of the 
magnitude of the confining stress on soil response by using the Shear Stress Ratio correction 
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value Ka, and the overburden correction factor Ks. QUAKE/W includes a sample functions for 
both of these parameters. These sample functions were adapted from data presented by Kramer 
(1996, p. 381-382).  
Pore pressure model based on volumetric strain: 
MFS (Martin Finn Seed) pore-pressure model Martin, Finn and Seed (1975) developed a method 
for computing the pore-pressure in conjunction with the Non-Linear model. 
 The model is based on the concept that the pore-pressure generated during undrained loading 
will be related to the volumetric strain that would have occurred for the same stress increment 
under drained loading conditions. 
In this model the incremental pore-pressure change is expressed as: 
 
where Er is known as a rebound modulus and Δεvd is an incremental volumetric strain that  
would occur under drained loading conditions. 
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4. A CASE STUDY- FOLSOM DAM: 
4.1 PREVIOUS ANALYSIS SUMMARY: 
Folsom Dam was studied by Chang, and Oncul using FLUSH Software with equivalent linear 
material models, NIKE2D with non-linear material models and interface algorithm allowing sliding 
and separation and NIKE3D to investigate 3D effects on a hypothetical composite dam model. All 
analyses confirmed the potential for separation along the interface. [Ref.1]. 
FLUSH Analysis with hinge interface upstream only: 
 
Figure 2. Folsom Dam upstream only FLUSH model by Chang & Oncul,1997. 
 
FLUSH Analysis with roller interface upstream only: 
 
Figure 3. Folsom Dam upstream only FLUSH model by Chang & Oncul,1997.  
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Material model parameters used in Quake/W analyses: 
 
 
 
 
Figure 4. Linear and equivalent linear soil model parameters used in quake/W analyses. 
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4.2 QUAKE/W ANALYSES: 
 
Koyna Dam and El-Centro earthquake records are assumed and applied to Folsom dam upstream 
model only. The soil-concrete interface was modeled in two different ways as shown in Figure 5: 
hinge support and roller support.  
Three material models were used in Quake/W analyses: 
1. Linear soil model with linear pore pressure: 
Young’s modulus E, Poisson’s ratio γ, and shear modulus G are all constant except pore 
pressure u which is a function of the induced equivalent number of stress cycles. 
2. Equivalent linear soil model with linear pore pressure: 
E, γ, G and u. All constant except: 
- u which is a function of the induced equivalent number of stress cycles. 
- G and damping ratio are shear strain dependent. 
3. Equivalent linear soil model with non-linear pore pressure  
E, γ, G and u. All constant except: 
- u which is function of the volumetric strain 
- G and damping ratio are shear strain dependent. 
 
 
Figure 5. Folsom Dam upstream only QUAKE W model concept by Grace,2020.  
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Figure 6. Koyna Dam and El Centro Earthquake Records Ref.1 and USGS. 
 
 
1- STRESS VARIATION ALONG THE INTERFACE - HINGE SUPPORT: 
Quake/W analysis results are compared to previous FLUSH analysis in Figure 7. Maximum and 
minimum total horizontal stresses have been extracted from the stress history of each node along 
the interface for comparison. Hinge boundary condition was assumed for this comparison. 
Although the trend remains similar, the stress magnitudes are not in good agreement. 
 
Figure 7: FLUSH vs QUAKE W models Stress variation -Hinge Support, Ref.1 Grace2020. 
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2- STRESS VARIATION ALONG THE INTERFACE - ROLLER SUPPORT: 
Quake/W analysis results are compared to previous FLUSH analysis in Figure 8. 
Maximum and minimum total horizontal stresses have been extracted from the stress 
history of each node along the interface for comparison. Roller boundary condition was 
assumed for this comparison. Similar to the previous hinge boundary condition, the trend 
remains similar but the stress magnitudes are not in good agreement. 
 
 
Figure 8: FLUSH vs QUAKE W models Stress variation -Roller Support, Ref.1 Grace2020. 
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3- LINEAR ELASTIC EXCESS PORE WATER PRESSURE (PWP) VARIATION ALONG 
THE INTERFACE SOIL/CONCRETE HINGE AND ROLLER WITH BOTH EL CENTRO 
AND KOYNA ER: 
Figure 9 shows the variation of excess pore pressure generated by Quake/w using linear 
soil and pore pressure model. In this analysis the excess pore pressure depends on the 
equivalent number of stress cycles and the number of stress cycle to initiate liquefaction. 
The maximum excess pore pressure is less than 50 psf and it occurs at the bottom. Both 
earthquake ground motions resulted the same excess pore pressure distribution. 
 
 
Figure 9: QUAKE W models EXCESS PWP along interface. 
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4- EQUIVALENT LINEAR ELASTIC EXCESS PWP VARIATION ALONG THE 
INTERFACE SOIL/CONCRETE HINGE AND ROLLER WITH BOTH EL CENTRO AND 
KOYNA ER: 
Figure 10 shows the variation of excess pore pressure generated by Quake/w using 
equivalent linear soil and linear pore pressure model. It was assumed the equivalent linear 
soil model has the damping ratio and G/Gmax variation as shown in Figure 4. In this analysis 
the excess pore pressure depends on the equivalent number of stress cycles and the 
number of stress cycle to initiate liquefaction. The maximum excess pore pressure is still 
less than 50 psf and it occurs within 60 ft from the bottom. Different earthquake ground 
motions caused some minor changes in excess pore pressure variation within 80 ft from 
the bottom.  
 
 
Figure 10: QUAKE W models EXCESS PWP along interface. 
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5- NON-LINEAR ELASTIC EXCESS PWP VARIATION ALONG THE INTERFACE 
SOIL/CONCRETE HINGE AND ROLLER WITH BOTH EL CENTRO AND KOYNA ER: 
 
Figure 11 shows the variation of excess pore pressure generated by Quake/w using 
equivalent linear soil and non-linear pore pressure model. It was assumed the equivalent 
linear soil model has the damping ratio and G/Gmax variation as shown in Figure 4. In this 
analysis the excess pore pressure depends on the volumetric strain as explained in 
Section 3. The maximum excess pore pressure is near 3500 psf and it occurs between 40 
ft and 60 ft from the bottom. Different earthquake ground motions caused some minor 
changes in excess pore pressure variation along the entire interface.  
 
 
Figure 11: QUAKE W models EXCESS PWP along interface. 
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5. CONCLUSIONS AND RECOMMENDATIONS: 
 
In this study Quake/W was used to investigate earthquake induced separation and pore 
pressure generation along the soil-concrete interface of Folsom Dam. The following 
conclusions have been drawn: 
1. The separation potential along the soil-concrete interface has been verified. The depth 
of separation can reach up to 100 ft from the top. 
2. Insignificant excess pore pressure observed with linear elastic soil and linear pore 
pressure model.  
3. Insignificant excess pore pressure observed with equivalent linear elastic soil and 
linear pore pressure model.  
4. Significant excess pore pressure, as high as 3500 psf, was observed with equivalent 
linear elastic soil and non-linear pore pressure model.  
5. Excess pore pressure magnitude is model dependent and the risk of high excess pore 
pressure exists at the soil-concrete interface.  
 
Recommendations for future study: 
1. Investigate the discrepancy in maximum and minimum horizontal stress magnitudes 
from Quake/W and FLUSH analyses. 
2. Investigate pore pressure generation along the interface using full 2-D section 
including the concrete core and downstream soil. 
3. Conduct similar finite element analyses using fully non-linear soil models 
4. Verify soil model parameters using actual data from field or lab measurements where 
possible. 
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6. APPENDICES 
 
 
 
 
 
 
 
 
 
 
Shear Strain Damping ratio Shear Strain G/Gmax
1.00E-06 0.01 1.00E-06 1
5.50E-06 0.01 5.50E-06 0.9999
7.30E-06 0.011 7.30E-06 0.989
9.10E-06 0.011 9.10E-06 0.98
1.00E-05 0.012 1.00E-05 0.97
2.80E-05 0.015 2.80E-05 0.945
4.60E-05 0.019 4.60E-05 0.91
6.40E-05 0.025 6.40E-05 0.865
8.30E-05 0.034 8.30E-05 0.8
1.00E-04 0.046 1.00E-04 0.73
2.80E-04 0.064 2.80E-04 0.66
4.60E-04 0.08 4.60E-04 0.57
6.40E-04 0.1 6.40E-04 0.48
8.20E-04 0.1175 8.20E-04 0.37
1.00E-03 0.1375 1.00E-03 0.26
2.80E-03 0.161 2.80E-03 0.17
4.60E-03 0.181 4.60E-03 0.13
6.40E-03 0.2025 6.40E-03 0.08
8.20E-03 0.225 8.20E-03 0.06
1.00E-02 0.24 1.00E-02 0.05
2.80E-02 0.255 2.80E-02 0.05
4.60E-02 0.262 4.60E-02 0.05
6.40E-02 0.2635 6.40E-02 0.05
8.20E-02 0.2635 8.20E-02 0.05
1.00E-01 0.2635 1.00E-01 0.05
Decomposed Granite Saturated
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Shear Strain Damping ratio Shear Strain G/Gmax
1.00E-06 0.005 1.00E-06 1
5.50E-06 0.008 5.50E-06 0.99
7.30E-06 0.011 7.30E-06 0.97
9.10E-06 0.017 9.10E-06 0.95
1.00E-05 0.019 1.00E-05 0.94
2.80E-05 0.025 2.80E-05 0.89
4.60E-05 0.032 4.60E-05 0.85
6.40E-05 0.039 6.40E-05 0.8
8.30E-05 0.05 8.30E-05 0.72
1.00E-04 0.061 1.00E-04 0.65
2.80E-04 0.083 2.80E-04 0.559
4.60E-04 0.101 4.60E-04 0.48
6.40E-04 0.125 6.40E-04 0.38
8.20E-04 0.15 8.20E-04 0.29
1.00E-03 0.17 1.00E-03 0.22
2.80E-03 0.198 2.80E-03 0.16
4.60E-03 0.22 4.60E-03 0.13
6.40E-03 0.242 6.40E-03 0.09
8.20E-03 0.254 8.20E-03 0.06
1.00E-02 0.263 1.00E-02 0.05
2.80E-02 0.264 2.80E-02 0.05
4.60E-02 0.264 4.60E-02 0.05
6.40E-02 0.264 6.40E-02 0.05
8.20E-02 0.264 8.20E-02 0.05
1.00E-01 0.264 1.00E-01 0.05
Coarse dredge tailing saturated
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Y(ft) Max. Stresses (psf) Min. Stresses (psf) Y(ft) Min. Stresses (psf) Max. Stresses (psf)
0 2.1E+04 2.1E+04 0 2.4E+03 2.4E+03
30 4.5E+03 -6.7E+03 27 9.6E+02 4.9E+03
55 2.4E+04 1.1E+04 43 0.0E+00 4.8E+03
80 1.8E+04 -4.5E+03 60 -9.6E+02 5.8E+03
100 1.7E+04 -8.7E+03 80 -1.9E+03 5.8E+03
120 1.5E+04 -1.1E+04 105 -3.8E+03 4.9E+03
140 1.2E+04 -1.1E+04 130 -3.8E+03 4.0E+03
160 9.1E+03 -1.0E+04 145 -2.8E+03 3.8E+03
185 -2.2E+03 -2.2E+04 155 -2.4E+03 3.6E+03
170 -1.9E+03 2.5E+03
Y(ft) Max. Stresses (psf) Min. Stresses (psf) Y(ft) Max. Stresses (psf) Min. Stresses (psf)
0 2.7E+04 7.5E+03 5 6.6E+03 1.9E+03
30 2.9E+03 -1.8E+04 13 7.8E+03 1.9E+03
55 2.4E+04 1.8E+03 43 7.7E+03 9.6E+02
80 1.9E+04 -3.7E+02 55 6.6E+03 0.0E+00
100 1.6E+04 -4.9E+03 80 6.0E+03 -9.6E+02
120 1.3E+04 -7.2E+03 105 5.4E+03 -2.4E+03
140 1.0E+04 -7.4E+03 125 4.3E+03 -2.8E+03
160 6.5E+03 -5.5E+03 130 3.8E+03 -2.4E+03
185 3.3E+03 -2.9E+03 155 3.3E+03 -1.7E+03
160 1.0E+03 -1.0E+03
ROLLER SUPPORT
Roller Support GeoStudio Roller Support Previous Flush Analysis
KOYNA MAX. STRESS PROFILE ALONG THE INTERFACE
Hinge Support GeoStudio Hinge Support Previous Flush Analysis
HINGE SUPPORT 
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Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 2 155 2
140 18 140 18
120 28 120 28
100 31 100 31
80 38 80 38
60 42 60 42
40 43 40 43
20 47 20 47
0 47 0 47
Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 2 155 2
140 18 140 18
120 28 120 28
100 31 100 31
80 38 80 38
60 42 60 42
40 43 40 43
20 47 20 47
0 47 0 47
Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 2 155 2
140 18 140 18
120 28 120 28
100 31 100 31
80 38 80 38
60 42 60 42
40 43 40 43
20 47 20 47
0 47 0 47
LINEAR ELASTIC
 MAX. EXCESS PWP
 AMPLIFIED KOYNA ER ROLLER SUPPORT AMPLIFIED KOYNA ER HINGE SUPPORT
MAX. EXCESS PWP
ROLLER SUPPORT EL CENTRO ER HINGE SUPPORT EL CENTRO ER
LINEAR ELASTIC
 MAX. EXCESS PWP
 KOYNA ER ROLLER SUPPORT KOYNA ER HINGE SUPPORT 
LINEAR ELASTIC
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Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 2 155 2
140 26 140 26
120 28 120 28
100 34 100 34
80 40 80 40
60 45 60 45
40 47 40 47
20 41 20 41
0 47 0 47
Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 2 155 2
140 26 140 26
120 28 120 28
100 34 100 34
80 40 80 40
60 42 60 42
40 44 40 44
20 47 20 47
0 47 0 47
EQUIVALENT LINEAR ELASTIC
MAX. EXCESS PWP
ROLLER SUPPORT EL CENTRO ER HINGE SUPPORT EL CENTRO ER
EQUIVALENT LINEAR ELASTIC
MAX. EXCESS PWP
ROLLER SUPPORT KOYNA ER HINGE SUPPORT KOYNA ER
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Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 0 155 0
140 1723 140 1724
120 1775 120 1775
100 2157 100 2206
80 2542 80 2610
60 2846 60 2965
40 2836 40 3509
20 3066 20 2540
0 2895 0 2895
Distance (ft) Max. Excess PWP (psf) Distance (ft) Max. Excess PWP (psf)
155 0 155 0
140 1852 140 2347
120 1775 120 1775
100 2220 100 2157
80 2853 80 2542
60 2846 60 3547
40 2836 40 2836
20 2537 20 2990
0 2895 0 2895
NON- LINEAR ELASTIC
MAX. EXCESS PWP
ROLLER SUPPORT EL CENTRO ER HINGE SUPPORT EL CENTRO ER
EQUIVALENT LINEAR ELASTIC
MAX. EXCESS PWP
ROLLER SUPPORT KOYNA ER HINGE SUPPORT KOYNA ER
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